Several workers have shown that phase transition-related changes in membrane lipids have a profound effect on membrane-solvated protein function. This phase transition temperature dependence has been explained as resulting from the formation of lateral phase separations within the membrane bilayer. The present study demonstrates that a clinical concentration of an inhalation anesthetic produces changes in both the phase transition temperature of pure lipid bilayers and the lateral phase separation temperature of mixed dipalmitoyland dimyristoylphosphatidylcholine bilayers of a magnitude sufficient to influence protein function. It is further shown that pressure is able to antagonize the effect of the anesthetic on these transition temperatures. It is proposed that anesthetic action within nerve membranes may be the result of changes in the lateral phase separationcontrolled environment of the membrane-solvated proteins essential to nerve function.
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Numerous correlations (1, 2) of the potency of inhalation anesthetics with lipid solubility suggest that the site of anesthetic action is in a lipid region of the nerve membrane. This region may be in either a lipoprotein or a phospholipid bilayer. In an attempt to understand anesthetic action on a molecular level, we have performed a series of experiments on spin-labeled phosphatidylcholine bilayers in which it was shown that clinical concentrations of inhalation anesthetics increase internal motion within the bilayers (3) . The application of high pressure (100 atm; 107 N/M2) to these suspensions was shown to decrease the internal motion in the bilayers and to antagonize the effect of the anesthetics (4). This antagonism was subsequently shown to result from a re-ordering of the fatty acid chains around the anesthetic molecule rather than from an exclusion of the anesthetic from the bilayer (5) .
The intent of these high pressure studies was to test the validity of the phospholipid bilayer as a site of anesthesia. In 1950, Johnson and Flagler (6) reported that the application of 100-120 atm of hydrostatic pressure would restore swimming activity to anesthetized tadpoles. Subsequent work extended the phenomenon to other animals (mice) and to the use of helium pressure (7) . It was reasoned that if pressure antagonized the effect of anesthetics in vivo, pressure must also antagonize similar effects produced in any valid model for the site of anesthetic action. As previously mentioned, such is the case for a phospholipid bilayer (4) .
A mechanism was then sought through which anestheticinduced disorder in a phospholipid bilayer could be transduced to the membrane-solvated proteins thought to be responsible for initiation and propagation of nerve action potentials. In recent years, a body of evidence has linked the function of membrane-solvated proteins with the physical state of the membrane. Fox and coworkers have related the temperature dependence of the rate of sugar uptake by fatty acid auxotrophs of Escherichia coli to their fatty acid composition (8, 9) .
Cell membranes of Mycoplasma laidlawii that have been enriched with various fatty acids exhibit functional changes at temperatures that correspond to the phase transition temperature of these fatty acids (10) . A study of unsaturated fatty acid auxotrophs of Saccharomyces cerevisiae revealed that the temperature dependence of oxygen uptake paralleled changes in fatty acid chain motion observed by electron paramagnetic resonance (EPR) (11) .
The importance of lipid composition and temperature in membrane protein function has been ascribed to the occurrence of lateral phase separations in membranes (12) . Within an optimum temperature region there exist domains of condensed gel phase phospholipids surrounded by areas of the expanded smectic liquid crystal phase. The membrane is able to accommodate to external pressure perturbations by converting some of the expanded liquid phase lipids to the condensed phase, thus maintaining the desired lateral compression of the membrane-solvated proteins. The existence of such lateral phase separations has been observed in vesicles by electron microscopy (13) and also detected in plasma membranes by surface antigen mixing measurements (14) . The sum of the evidence is that cell membranes "live within the phase transition" (15) ; thus any stress that perturbs them from this condition alters their function. To investigate the extent of the perturbation of bilayer properties by high pressure, we subjected dipalmitoylphosphatidylcholine bilayers to 136 atm (1.4 X 107 N/M2) of helium pressure and measured a 3.00 increase in phase transition temperature (16) . A subsequent study (17) revealed the large effect of pressure on the phase diagrams derived by plotting phase separation temperatures of a series of mixed dipalmitoyl-and dimyristoylphosphatidylcholine bilayers.
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Thus it was reasonable to consider that the phenomenon of pressure reversal of anesthesia could be explained by a change in phase separation temperatures with concomitant changes in lateral phase separation, lateral compressibility, and bilayer viscosity. The present paper is a study of the effect of inhalation anesthetics on these phase separation temperatures and a test of pressure antagonism of these anesthetic effects.
MATERIALS AND METHODS
Flasks were coated with films of 1-a-dipalmitoylphosphatidylcholine and L-a-dimyristoylphosphatidylcholine (both from Calbiochem, La Jolla, Calif.) by evaporating to dryness dichloromethane solutions containing 60 mg of the desired mixtures of lipids. To these flasks were added 480 ,ul of a 0.1 M sodium phosphate buffer at pH 7.4 and 60 ,Al of a 5 mM solution of the spin label 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO) dissolved in distilled water. The flasks were shaken vigorously for 20 min at 50 above the transition temperature of the binary mixture being studied. Moderate negative pressure was maintained in order to remove any gas bubbles formed. In order for the suspension to reach thermodynamic equilibrium, the artificial membrane dispersion was left overnight in an argon-filled flask at the same temperature at which shaking had taken place. The general anesthetic, methoxyflurane (Penthrane®, Abbott Laboratories, Chicago, Illinois) (2,2-dichloro-1,1-difluoroethyl methyl ether, boiling point 1050), was added to the vesicle suspension so as to attain a concentration of 60 mmol/mole of lipid, which approximates the concentration of anesthetic in nerve lipids during general anesthesia. A--uniform distribution of the anesthetic was achieved by repeatedly drawing the suspension into a gas-tight 100-/ul syringe.
The phospholipid dispersion in a 1-mm (inner diameter) quartz EPR tube was placed vertically in a microwave cavity thermostated to within 40.10 over a range of 12.5-500.
The desired pressure was obtained from a helium source. Before we began a series of measurements, the EPR tube was pressurized with helium at 80 atm and vented several times to remove any residual air in the system. EPR peak heights from a modified Varian EM-500 spectrometer operating in the X-band region were measured after curve fitting and smoothing on a PDP 8/e computer. All spectra were obtained as a function of temperature, beginning 50 above the transition temperature and then cooling at the rate of 50/hr. After each increment of temperature decreases, the sample was equilibrated for 15 min before the spectrum was measured. Each experiment was duplicated with a fresh phospholipid dispersion.
TEMPO was synthesized by oxidation of 2,2,6,6-tetramethylpiperidine (9.3 g) by cold m-chloroperoxybenzoic acid (13.2 g, 1 equivalent) in cold ether (250 ml). The product was the exclusion of the spin label TEMPO from the condensed phase of the bilayer. The parameter (f) is obtained by measur- ing the ratios of the amplitudes of the high field hyperfine signals of TEMPO dissolved in the hydrophobic (H) and hydrophilic (P) regions of the membrane bilayer, f = H/ (H + P) (12, 18) .
At atmospheric pressure (A), Fig. 1A and B indicates an abrupt increase in the fluidity of the membrane at a temperature characteristic of each phospholipid mixture. The temperature at which this sudden change from a gel phase to a lamellar smectic liquid crystalline phase occurs is defined as the transition temperature. This characteristic temperature has been shown to depend on both the length and degree of unsaturation of the fatty acid chains. We find the transition temperature at atmospheric pressure for dimyristoylphosphatidylcholine to be 22.50 4-0.5' and for dipalmitoylphosphatidylcholine to be 40.90 i 0.50.
Aqueous dispersions of binary mixtures of dipalmitoyl-and dimyristoylphosphatidylcholine (Fig. 1C) tions to occur at higher temperatures (17) . In Fig. 1A , B, and C, 137 atm of helium pressure raises the transition temperatures by 3.0, 3.5, and 4.0 + 0.50, respectively.
In Fig. 1 , 60 mmol of the inhalation anesthetic, methoxyflurane, per mole of lipid at atmospheric pressure causes a shift in the (f) versus (T) curve towards lower temperatures. However, in addition to the direction of the change, important differences occur between this type of shift and the one caused by pressure. In Fig. 1A and B, the transition temperature for the pure systems is lowered by 1.50 + 0.50 by the anesthetic. For the binary mixture seen in Fig. 1C , the onset temperature of the transition between fluid phase and mixed fluid and gel (upper part of curve) is lowered by a smaller amount than the temperature of the transition between the mixed phase and the gel (lower part of curve). The former is lowered by 1.75°0 .50 and the latter by 2.750 0.50. One also observes that, at any given temperature below the transition temperature, the solubility parameter (f) of the anesthetic-containing bilayer remains greater than the control. This would seem to indicate that methoxyflurane at the physiological concentration of 60 mmol/mole of lipid disrupts the gel phase to a greater extent than the fluid phase. The application of 137 atm of helium pressure plus 60 mmol of methoxyflurane/mol of lipid raises the transition temperatures by 3.650 0.350 at the same time that it maintains the overall characteristics of the curve at 1 atm plus 60 mmol of methoxyflurane per mole of lipid. The intersection in Fig. 1A , B, and C of the control curve at 1 atm and the curve at 137 atm plus 60 mmol of methoxyflurane per mole of lipid (see arrow) marks the single point at which isothermal compression of the artificial membrane preparation reverses the effects of methoxyflurane. The intersection occurs approximately at the midpoint between the fluid and gel states of the control membrane. Fig. 2 represents the fluid-gel equilibrium phase diagrams for aqueous dispersions of the binary systems of dimyristoyland dipalmitoylphosphatidylcholine. Above each phase transition envelope only fluid phase (F) exists; within the envelopes, two-dimensional domains of fluid and gel phase exist; and below each envelope only gel phase (S) exists. Fig. 2 summarizes the information obtained from the family of curves of which Fig. 1 is an example.
One observes that the addition of methoxyflurane not only lowers the temperature of the entire region where twodimensional domains of mixed fluid and gel phases exist, but also enlarges it. Therefore, at a given temperature a greater fraction of the membrane is in the fluid phase. The application of 137 atm of helium pressure to the anesthetic-containing dispersion raises the temperature of points on the envelope while retaining the distortion due to methoxyflurane.
DISCUSSION
This study was undertaken in an attempt to answer two questions: First, is the phenomenon of anesthesia related to the perturbation of lateral phase separations in nerve membranes? Second, is the phenomenon of pressure reversal of anesthesia explained by a restoration of these lateral phase separations by high pressure?
In considering the first question, the work of Linden et al. (15) and others (19, 20) has established that phase-transition related behavior in membranes can have a major influence on their biologic function. Shimshick and McConnell (12) have suggested that the dependence of membrane function on apparent phase transition temperatures is due to the formation of lateral separations of domains of gel phase within a matrix of fluid phase phospholipids. Thus, there remains only the requirement to demonstrate that inhalation anesthetics produce significant changes in phase transition temperatures of membranes or in the distribution of lateral phase separations. A clinical concentration of the inhalation anesthetic methoxyflurane produces a 20 and a 10 decrease, respectively, in the phase transition temperatures of pure dipalmitoyl-and dimyristoylphosphatidylcholine bilayers (Fig. 1A and B) pressure has a significant effect. In fact, at the single point within the region of the phase transition for the pure lipid bilayers (Fig. 1A and B) and within the temperature limits of the lateral phase separation (Fig. 1C) , pressure does have a significant effect. At the points indicated by an arrow in each case, the application of high pressure is able to completely antagonize the effect of the anesthetic molecule. The fact that only within the region of the phase transition is pressure able to antagonize the effects of inhalation anesthetics suggests that it is within this critical lateral phase separation region that the phenomenon of anesthesia takes place.
In Fig. 2 it is seen that the effect of inhalation anesthetics is to lower and broaden the envelope of lateral phase separation in the binary lipid system. The application of high pressure is able to restore any given anesthetic-lowered point on the envelope, but no one pressure will return all of the anestheticperturbed points to the envelope of the control phase diagram. This result demonstrates that pressure is not a perfect competitive antagonist of anesthesia. In fact, the phenomena of differential antagonism of anesthetic effect in various phospholipid components may help to explain why animals who have certain physiologic effects of anesthesia reversed by pressure, will at the same time lose other body functions or even convulse.
